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Abstract

The goal of this paper is to obtain a one-to-one correspondence between state
machines as e.g. used in UML and object-oriented programming languages. A proposal
is made for a language mechanism that makes it possible for an object to change its
virtual bindings at run-time. A state of an object may then be represented as a set of
virtual bindings.

One advantage of object-orientation is that it provides an integrating perspective on
many phases of software development, including analysis, design and implementation.
For the static set of OO language constructs there is almost a one-to-one correspondence
between analysis/design notations and OO programming languages. No such
correspondence exists for the dynamic aspects, but the proposed state-mechanism is a
contribution to a better correspondence. The proposal is based on previous work by
Antero Taivalsaari and compared to the more complex features for changing object
behavior as found in CLOS, Smalltalk, and Predicate Classes, it is simple and efficient to
implement.
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1. Introduction

State machines are often used to describe the dynamic behavior of objects and most
main stream object-oriented analysis and deign notations, like UML [BRK99], includes a
notation for state machines, often in the form of statecharts [Har87]. A state machine is
associated with an object when the behavior of the object may naturally be divided into
different logical states. In theory the behavior of an object of course always depends on
its state since the values of its state variables may be said to define its state, but here we
by state mean a logical state at a higher level. An object has a set of interface functions
(virtual methods) and to support state machines, the state must be encoded into these
functions. This can be done by using a simple state variable or by using the more fancy
state pattern [GHJV95].

States may also be supported by changing the class type of an object and thereby the
implementation of the virtual functions defined for the object. Changing dynamic class
membership is a complicated operation and various proposals ranging from a complete
general mechanism in Smalltalk [GR89] and CLOS [Kee89] to e.g. Predicate classes
[Cha95] exists. In this paper we present an extension of the BETA language based on the
very simple idea of Taivalsaari [Tai93] of being able to specify a number of alternative
virtual bindings for a class. A simple change of the dispatch pointer may then be used to
change the virtual bindings of an object. In addition we present an extension of the
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mechanism that makes it possible to combine state machines and inheritance. Inheritance
of state may be used to represent nested states and inheritance of state machines may be
used to classify state machines. The latter is based on the notion of virtual class patterns
from BETA.

In the next section we discuss the background and motivation for a further integration
of state machines within an object-oriented language. We then present an example of a
state machine and goes through the various techniques for implementing state machines
in an OO language. The main emphasis here is on the use of the state pattern, since the
proposed extension of BETA may be considered as a direct support for state patterns.
We then describe the proposed extension of BETA based on [Tai93] followed by a
description of the implementation. Finally it is shown how the proposed state classes can
be combined with inheritance. The proposal is presented as an extension of BETA, but
may be incorporated into most OO languages. Knowledge of BETA
[MMN93,Mad94,Mad98] will be an advantage, but a short summary of the used BETA
syntax will be given.

2. Background and motivation

One of the advantages of object-orientation is that it provides an integrating
perspective on many phases and activities of software development. Object-orientation
provides a conceptual framework and a common set of abstract language constructs that
can be applied in analysis, design and implementation. This is in contrast to traditional
methodologies like Structured Analysis and Structured Design (SA/SD) where different
concepts and languages were used in analysis, design and implementation. Object-
orientation has also proved to be useful for data modeling in databases and for designing
and implementing distributed systems.

In mainstream OO methodologies the Unified Modeling Language (UML) is often
recommended for analysis and design and popular programming languages like C++
[Str86] and Java [GA98] are used for implementation. One important difference between
design notations and programming languages is that the former have a graphical syntax
and the latter have a textual syntax. For the core set of OO languages constructs: class,
subclass, virtual function, etc., design notations and programming languages can express
the same structures and the difference between the two sets of notations for this core set
are of a syntactic form. l.e. graphical in contrast to textual syntax.

Most modern software methodologies [Bo091, Z(i98] recommend approaches that are
iterative, experimental and/or evolutionary. This is in contrast to traditional
methodologies based on the waterfall method. With the modern approaches to software
development, the software developers will alternate between analysis, design and
implementation more or less frequently depending on the nature of the application
domain, the application being developed and the actual methodology being applied.

In order to support the transitions between analysis, design and implementation,
several vendors offer CASE tools that support code generation from analysis/design
diagrams to programs. It is well known that major changes to the design is often applied
in the implementation phases which implies that tool support for the reverse process is
also needed. That is a CASE tools should also support so-called reverse engineering where
design diagrams are updated/generated from the (modified) programs. For many years,
most CASE tools had little support for reverse engineering, but this has slowly been
improved. There are, however, in practice still many problems with support for reverse
engineering in many CASE tools. The code generated from design diagrams is often filled
with annotations to ease the reverse engineering process and this implies that the code is
longer and more difficult to read than it needed to be. Lately the techniques for reverse
engineering have, however, improved.



The above discussion referred to the situation in main stream OO. For the Mjglner
System [KLMMO94] a different approach has been taken based on the BETA language.
BETA is an object-oriented language designed to support analysis, design and
implementation. For BETA a main design goal has been that the language should be well
suited to model phenomena and concepts from the application domain. BETA may be
viewed, as a successor to Simula [DNM®68], which was originally, developed in order to
write simulation programs, but later generalized to a programming language. The
emphasis on modeling may be traced back to the requirements for writing simulation
programs.

Presentation of class structures in the form of diagrams may be useful in many
situations during a software development process®. For this reason a graphical syntax was
developed for the overall class structures of BETA. The editors of the Mjglner System
may then present a textual as well as a graphical view of a set of classes (or program).
The editors are incremental in the sense that a change to the textual representation is
immediately reflected in the graphical diagram and vice versa. In addition the editors
support a so-called round trip reverse engineering where a design diagram may be
generated from the program. In this way the Mjglner System provides strong support for
alternation between analysis, design and implementation.

The overall principle in the Mjglner System is that BETA is used for analysis, design
and implementation. The experience with the Mjglner System is that it simplifies the
development process to use one language for design and implementation since less time is
used for the transitions between diagrams and programs.

The almost one-to-one relationship between design notations and programming
languages does only exist for elements for describing the static class structures. When it
comes to describing the dynamic structure of a system there is much less similarity.
Programming language uses algorithmic structures like assignments, control structures,
procedures, and concurrent process. The design notations uses state machines and
interaction diagrams.

Interaction diagrams are useful for understanding the dynamic behavior of a system.
They may be used as tools to help develop an understanding of the dynamic behavior and
they may be used to describe this dynamic behavior when a design has been created.
Interaction diagrams exists in two forms: sequence diagrams and collaboration diagrams.
Sequence diagrams shows examples of calling sequences between objects. Interaction
diagrams shows the calling (message sending) relations between objects. Collaboration
diagrams can often be displayed from the CASE tool if the code is available. Sequence
diagrams can be generated for a design if a suitable simulation/execution mechanism is
available [AL99].

State machines are used to describe objects that have a behavior which changes over
time in the sense that the actions performed for a given method differs depending on the
state of the object. There is no clear definition of this since most objects act depending
on their current state. There are a number of techniques for mapping state machines into
OO0 languages. These include using tables, statements, and the state pattern, but there is
no tight integration between state machines and programming languages as is the case for
the static class structures discussed above. This implies that the problems with code
generation and reverse engineering discussed above are present.

For the Mjglner System the use of the same language for design and implementation
has proved to be successful for the static class structures. The purpose of this paper is to
discuss to what extent a similar integration between state machines and OO programming
languages can be made. We first briefly summarize the well approaches of using tables,
algorithms and the state pattern. Then we suggest a modification of BETA that makes it

» The purpose of this paper is not to discuss the advantages of graphical versus textual presentation of
designs and programs. It is thus assumed that there is a need for both forms of presentation.
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possible to specify one or more bindings for the virtual functions of a class and to change
bindings dynamically. This makes it possible to have direct support for state machines in
an object. The new mechanism may be viewed as a simple and restricted version of the
more powerful means for changing class membership of an object as available in Smalltalk
and CLOS or the dynamic inheritance feature of Self [US87] or the predicate classes of
Craig Chambers. The state-mechanism proposed for BETA is simple and efficient to
implement and it makes it possible to have a direct integration of state machines and
programs. In addition we think that it is a simple alternative to the more complex
features for changing class/object behavior.

3. State machine for watch

In this section we will introduce an example of a state machine (adapted from [EP98])
which will be used in the following. Consider the digital watch shown in Figure 1. The
watch has two buttons, a mode button and a inc button. Initially the watch displays the
time of the day. When the mode button is pressed,

inc button will increment the hours. A push of the
mode button will display the minutes and a

the hours will be displayed. A subsequent push on the
mode \
subsequent push of the inc button will increment the

minutes. Finally, a push of the mode button will 6 36
return the watch to a state where the time is
displayed.

The behavior of the watch is modeled by the state Figure 1

machine shown in Figure 2. The notation for the

state-machines is statecharts as used in UML. The round boxes represents states, the ar-

rows  represents
transitions between inc/increment minutes inc /increment hours

states. At each ar- | I |
row an €expression mode/display minutes

of ~ the  form Set_minutes Set hour
event/action  de- l — J< [ _nours ]

scribes the event
that gives rise to
the transition mode/display time [ display ]
between the states

and the action _
performed when a Figure 2

mode/display hours

transition is made.
The watch state machines has three states (Display, Set_hours, and Set_minutes), two
events (mode and inc), and five actions (display hours, display minutes, display time,
increment hours, and increment minutes).

3.1 State machine implementation using tables and algorithmic statements

A well-known technique to implement a state machine is to use a two dimensional table
indexed by the current state and the next event. This technique may be a good choice in
many situations, but we find that the techniques discussed below are better suited to OO
languages and we will not discuss it further.

The perhaps most common technique for implementing a state machine for an object
is to use a variable to hold the current state of the object and let each transition
correspond to a virtual function. The implementation of a virtual function then uses the



state variable to select the proper actions and determine the next state. A class Watch
implemented in this way is shown in Figure 3.

Wat ch:
(# LD @ D gital D spl ay;
state: @ integer; (* Display, Set_hours, Set_mnutes *)
node: <
(#
do (if state
/] Dsplay then LCD display_hours; Set_Hours -> state
/] Set_hours then LCD display_ninutes; Set ninutes -> state
/] Set_minutes then LCD display_time; Dsplay -> state
if)
#)
inc: <
(#
do (if state
/] Dsplay then skip
/] Set_hours then LCD incHours
/] Set_minutes then LCD. incMnutes
if)
#),
init: < (# do Dsplay -> state #)
#)

Figure 3

A few comments on the BETA syntax used above:
The BETA pattern construct is a unification of class, procedure and other abstraction
mechanisms. A pattern may be used as a class or procedure. A pattern that is
primarily used as a class is called a class pattern and a pattern that is used as a
procedure is called a procedure pattern. Patterns may be virtual or non-virtual and
they may be arbitrarily nested. In addition patterns are values that may by assigned to
variables.
The construct watch: # ... #) is an example of a class pattern and corresponds to
the notion of class as in most other OO languages.
The construct mode:< (# ... #) is an example of a virtual procedure pattern and
corresponds to virtual functions in Simula, C++ and Java. The attributes inc and init
are also virtual procedure patterns.
The attributes LcD and state are variables that denote instances of DigitalDisplay and
integer respectively. The @ indicates that the objects are part objects, which means
that they are allocated when the enclosing watch object is allocated.
The construct (if ... if) corresponds to a case-statement or switch-statement.
Assignment has the form Display -> state where the value Display is assigned to the
variable state.
An expression of the form LCD.display_hours is an invocation of display_hours in
the LcD object.

3.2 State machine implementation using state pattern

Encoding the state in a variable and using conditional expressions to select the proper
actions may not be the best way to implement a state machine. The state pattern is a
technique for using subpatterns and virtual functions to implement state. The idea is to
have a class hierarchy corresponding to the states of the state machine and have different
implementations of the virtual functions for each state. The state of the object is then
represented by an instance of state classes. The methods of the class propagate the calls
to the actual state object. This technique is shown in Figure 4.
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Watch
(# LCD: @igitalDisplay;
state: ~ WatchState;
mode: < (# do state. mode #);
inc.: < (# do state. inc #);
init. < (# do &Display[] -> state[]; this(Watch)[] -> state. init #)
#),
WatchState
(# mode: < (# do inner #);
inc: < (# do inner #);
initt < (# W. ~Watch enter W] do W] -> theWatch[] #);
theWatch: ~Watch
#),
Display: WatchState
(# mode: : < (# do LCD. display_hours; &Set _hours[] -> theWatch. state[] #);
#),
Set_hours: WatchState
(# mode: : < (#do LCD. display_minutes; &Set minutes[] -> theWatch. state[]
#),
inc. : < (# do LCD. incHours #)
#),
Set_minutes: WatchState
(# mode: : < (# do LCD. display_time; &Display[] -> theWatch. state[] #);
inc: : < (# do LCD. incMinutes #)
#),

Figure 4

A few more BETA constructs are used in Figure 4:

The ~ in state: “WatchState means that state is a variable reference (pointer) to
instances of watchState.

The expression this(Watch)[] is a reference to self as in Smalltalk.

The construct enter w[] describes an input parameter to init.

The []in expression like w[] means that the value of w[] is a reference to the object
referred by w as opposed to the value (copy) of the object denoted by w. An
expression W without [] means the value (copy) of w. Consult [MMNZ93] for the exact
details.

The &in &Display[] means new as in C++. l.e. a new instance of Display is generated.
A pattern Display: WatchState(#...#) describes that Display is a subpattern of
WatchState.

Inner is a mechanism for method combination. In this paper inner can be ignored
and taken as a substitute for abstract virtual functions. For a real explanation, see
[MMN93].

The construct ::<means a binding of a virtual pattern from the superpattern.

The advantage of the state pattern is that there is a (sub) class corresponding to each
state and that dispatch of actions and state changes are factored out in subclasses. It is
p035|ble to vary the state pattern in a number of places:

An object may be pre-allocated for each state in order to avoid allocating a new one
at each state change.

Instead of a backpointer to the watch object, the reference to the watch object may be
passed as an argument to the virtual function calls in WatchState. This makes the state
objects "state less™, which means that they can be used for more than one Watch
object.

In languages with nested classes (like Simula, BETA and Java) the state classes may be
nested in the watch class. This will eliminate the need for the back pointer and the
state classes may be encapsulated as an internal part of the watch class. On the other



hand, it is not possible to reuse the state objects for several watch objects. Since we in
the following are proposing a new language mechanism that directly supports nested
state patterns, an implementation based on nested state patterns is shown in Figure 5.

Watch:
(# LCD: @igitalDisplay;
state: ~ WatchState;
mode: < (# do state. mode #);
inc: < (# do state. Iinc #);
init: < (# do &Display[] -> state[]; #);
WatchState:
(# mode: < (# do inner #);
inc: < (# do inner #);
#)
Display: WatchState

(# mode: : < (# do LCD. Display_hours; &Set_hours| ]

#)
Set_hours: WatchState
(# mode: : < (# do LCD. display_minutes;
inc: : < (# do LCD. incHours #)
#)
Set_minutes: WatchState

(# mode: : < (# do LCD. display_time; &Display[]

inc: : < (# do LCD. incMinutes #)
#)
#)

Figure 5
4. Direct modeling of state change in objects

In this section a mechanism for changing the state of an object is introduced. It is based
on direct support for the state pattern using nested classes, and the following obser-

vations:
- A state class is a collection of virtual function
implementations.
Each state class defines an alternative implemen-
tation of virtual functions, and each such imple-
mentation represents a state of the object.
An object may change state by replacing the cur-
rent virtual function implementations by another
implementation of the virtual functions.

In order to support state classes directly, it is pro-
posed that a class pattern may define one or more
possible bindings of its virtual functions. A class pat-
tern then has the form shown in Figure 6 where P has
three virtual functions, f1, £2, and ¥3. In addition two
sets of bindings of the virtual functions of P are
defined. These are specified by

S1: STATE(# ... #)
and
S2: STATE(# ... #)

When an instance of P is generated, the bindings of the virtual functions are as specified
by the declarations of f1, £2, and £3 at the outermost level of p. This is the same as if

9

- > state[ ]

&Set_minutes| ]

- > state[ ]

-> state[] #);

P: (# fL< ...,

#)

f22< ...
3 < ...
S1.

S2:

STATE

(# fL:< ...
2 :< ...
f3:< ...

#)
STATE

(# fL:< ...
2 :< ...
f3:< ...

#)

Figure 6

#);




there were no s1and s2. The virtual bindings of a P-object may be changed by executing
the imperative:

Sl## -> t hi s(P)._STATE
or
S2## -> t hi s(P)._STATE
In Figure 7, then class pattern watch is implemented using the proposed state-mechanism.
Watch:
(# LCD: @igitalDisplay;
mode: < (# do | NNER #);
inc: < (# do I NNER #);
init. < (# do LCD. display_time; Display## -> thi s(Watch)._STATE #)

Display: STATE
(# mode:: < (#do LCD. display_hours; Set _hours## -> t hi s(Watch). _STATE

#)
#)
Set _hours: STATE
(# mode: : <
(# do LCD. display_minutes; Set_minutes## -> this(Watch)._STATE
#)
inc: : < (# do LCD. inc_hours #)
#)
Set Minutes: STATE
(# mode::< (# do LCD.display_time; Display## -> this(Watch)._ STATE
#)
inc: : < (# do LCD. inc_minutes #)
#)
#)

Figure 7

5. Implementation

Since the days of Simula, a common technique to implement virtual functions is to use
a virtual dispatch table (VDT) and all calls of virtual functions are made via the dispatch
table. In this way it is the actual object denoted by a reference that determines which
virtual function is executed.

The state mechanism may be implemented by having an additional virtual dispatch
table for each state. A state change can then be implemented by changing the VDT
reference of the object. For the watch example, the implementation is illustrated in Figure
8a. Here is shown an instance of class watch (awatch object) in three different states (L1,
L2, L3). In addition three VDTSs are shown, one corresponding to the class watch and one
for each of the internal state patterns. There is in fact a fourth VDT corresponding to
the standard VDT for class Watch, but this VDT is not shown in the figure. Initially (at L1)
the VDT is set to refer to the VDT for the state Display. This initialization happens
when the procedure Initis executed. The VDTs for Display, Set_hours and Set_minutes
do also have an entry corresponding to Init, but this entry is not shown in the Figure.
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aWatch object at L1

Display:VDT

Display:mode
>
\\A
Display:inc
aWatch object at L2
Set_hours:VDT Set_hours:mode
>
]
\ Set_hours:inc

aWatch object at L3 . -
Set_minutes:VDT _y,| Set_minutes:mode
>
\
\ Set_minutes:inc
Figure 8a

In Figure 8b, its is shown how the VDT of awatch object may be changed by assigning it a
new state corresponding to the labels L1, L2and L3 in Figure 8a. As can be seen, the
implementation of the state concept is a simple assignment to the VDT field.

Di spl ay## -> t hi s(Watch)._STATE; (* L1 *)
Set _hours## -> t hi s(Watch). _STATE (* L2 *)
Set _mnutes## -> t hi s(Watch)._STATE(* L3 *)

Di spl ay## -> t hi s(Watch)._STATE (* L1 *)

Figure 8b

6. Inheritance and state machines

When using state machines together with object-orientation, it should be considered
how state machines could be used in combination with inheritance from superclasses. Here
we show two different techniques for using inheritance together with subpatterns. First we
show how to use inheritance to describe nested states. Then we show how to define a
subclass of a given class and extend the states of the superclass.

6.1 Nested states
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Statecharts may be nested in the sense that a state may have internal states. Consider a
blower with 3 buttons, on, off, and step. The blower may run with 2 different speeds.
When turned on it starts running with a low speed. If the step button is pushed, it changes
to a higher speed. The step button will then alternate the blower between the lower and

the higher speed. No matter
which speed the blower is

running, the off button will / x
stop the blower. The ON step
operations of the blower are
illustrated in Figure 9. }KN
As can be seen the state on
ON has two substates, Low OFF _,
and High. Pushing the off but-
ton will make a transition to \ \/
state  OFF independent of off
whether being in substate Low & step J

or High. Nested states may be
modeled by means of inheri- Figure 9
tance on states. The Blower

may be described in BETA as shown in Figure 10.

Blower:
(# switchOn: < (# do inner #);
switchOff: < (# do inner #);
step: < (# do inner #);
init: < (# do OFF## -> this(Blower). _ STATE #);
OFF: STATE
(# switchOn: : < (# do LOW## -> this(Blower). _STATE #)
#)
ON: STATE
(# switchOfF: : < (#do OFF## -> this(Blower). STATE #);
LOW: ON
(# step::< (#do HIGH## -> this(Blower). STATE #)
#)
HIGH: ON
(# step::< (#do LOW## -> this(Blower)._STATE #)
#)
#)
Figure 10

The states Low and HIGH have a common superstate, oN, which defines a common
binding of the virtual pattern switchoff.

6.2 Inheriting and Extending State Machines.

One of the major advantages of OO languages is the ability to define a general
superclass covering the general properties of a given set of objects. More specific objects
may then be defined using subclasses. A successful integration of OO and state machines
should make it possible to define general state machines and refine these state machines
in subclasses. In the BETA context this can be done by means of virtual states.
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In Figure 11a, a sketch of a class A with virtual states is shown. The class pattern Ais
similar to the class pattern P in Figure 6, except that the states s1and s2are declared
virtual. In Figure 11b, a subpattern Aa of Ais defined. In AAtwo new virtual functions g1
and g2 are added, the states s1and s2 are extended and a new state s3is defined. To be

A (# flL< ... AA A
f2< ... (# gL< ...;
3 < ... g2:< ...;
S1. < STATE Sl : <
(# fL:< ...; (# fL:< ...
f2.:< ... gl :< ...
f3:< ...; g2 :< ...;
#) ; #)
S2: < STATE S2:: <
(# fL:< ...; (# f2:< ...
f2.:< ... g2 : <
f3:< ... #) ;
#) S3: < STATE
(# f3:< ...
#) g2 :< ...
#)
Figure 11a #)
Figure 11b

more specific:
- Class pattern AAis a subpattern of A.
AA inherits the virtual functions £1, £2 and £3 and the virtual states s1and s2in the

usual way

AA defines two new virtual functions g1 and g2.

AA extends the states s1and s2 inherited from A.

The extension of s1::< ... extends the definition of f1from s1in A This is a nor-
mal BETA further binding of a virtual function. In addition s1 defines bindings of g1
and g2.

The extension of s2 makes a further binding of £2 and specifies a binding of g2.
Finally a new virtual state s3 is added. s3 specifies bindings of 3, and g2.

6.2.1 Example

An example of a general state class is shown in Figure 12a. It defines a class unit which
may be in one of the states oFF or oN. Class Unit describes the general properties of units
that may be turned on and off including the transitions between these two states. The
states OFF and oN are virtual and may thus be extended in subpatterns of unit. In Figure
12b is shown a subclass cbplayer of class unit. Class CDhplayer extends unit in the
following way:

13



Two new virtual functions play and stop are added.

unit:
(# switchOn: < .. .;
switchOff. < . . . ;
ON: < STATE
(# switchOfF: : <
(#
do OFF## ->
t hi s(Unit). _STATE
#)
#)
OFF: < STATE
(# switchOn: : <
(#
do ON## - >
t hi s(Unit). _STATE
#)
#)
#)
Figure 12a

CDplayer: Unit
(# play: < ...;
stop: < ...;
ON: : <
(# play:: <
(#
do Playing## ->
t hi s( CDplayer) .
#)
#)
Playing: < STATE
(# stop:: <
(#
do ON##- >
t hi s( CDplayer) .
#)
#)
#)

Figure 12b

A new state Playing is added.

The state oN is extended to have a binding of the new virtual function play. Execution

_STATE

_STATE

of play makes a transition into the new state Playing.
State Playing defines a binding of stop, which brings the cbplayer into state oN.

In Figure 13 the state ma-
chines for unitand cCbplayer

are illustrated. The dashed Unit

lines indicate that the states .

OFF and ON are inherited switchOn

from unit. OFF witchOff
A A

6.2.2 Virtual states and

virtual class patterns

In BETA parameterized T

classes are defined by means CDplayer

of virtual class patterns, switchOn

which is a simple generaliza- . | P

tion of virtual functions. It is OFF i <switchOff : ON

outside the scope of this pa-
per to discuss virtual classes.

For details see [MM89,
MMM90, MMN93].
The concept of virtual

play
stop
Playing

states as described above, is
very similar to virtual class
patterns. The form used here

Figure 13

for virtual states corresponds

to defining nested virtual class patterns.

7. Related work and conclusion
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The idea of combining classes and state machines in the simple style adapted for BETA
first originated in [Tai93] where it was proposed to be able to change the dispatch pointer
for an object at run-time. This is a very simple and elegant idea, which deserves further
investigation and we hope that the BETA implementation contributes to this.

When developing software for embedded systems, memory space is often limited.
When using the state pattern, there will be an object corresponding to each state and each
object has an associated dispatch table. Using the proposed mechanism, the extra state
objects are avoided and only the dispatch tables are present. This is of course a minor
difference, but may be important if there are many states and limited memory.

Changing the dispatch pointer may be seen as a simple case of changing class
membership of an object. Early dynamic OO languages like Smalltalk and CLOS have
operations for doing this and the class of an object may be changed to an arbitrary other
class.

In the prototype-based language Self [US88], it is possible to obtain a similar effect by
means of dynamic parent pointers. The experience from Self [BUW99] is, however, that
dynamic parent pointers easily leads to complicated programs that are hard to debug. It
remains to be seen whether or not the state mechanism proposed in this paper has similar
problems.

In a structured world with static typing, there are number of problems in changing the
class of an object. There are many reasons to be able to change the class of an object
dynamically, since the properties of an object may depend on its actual state.

Some of the more general work on dynamic classification of objects is the work on
predicate classes [Cha93,EKC98]. With predicate classes it is possible to define a class by
means of a predicate over the instance variables of an object. This is a very general
mechanism and it is clearly much more expressive than the state classes of [Tai93] and
their implementation in BETA. As a language mechanism, predicate classes are complex
and can hardly be characterized as a primitive language mechanism. A state class is on the
other hand a simple mechanism and as mentioned above, it may be implemented by a
change of the dispatch pointer. Type checking of predicate classes is also a non-simple
issue. For state classes, type checking is simple. For each state it must be checked that the
virtual functions are in fact defined as virtuals in the enclosing class.

The main contributions of this paper are:

Present an integration and implementation of state classes in a real programming
language.

Present mechanisms for combining state machines and inheritance to represent
nested states and inheritance for state machines.

A main motivation for this work was to contribute to a further integration of program-
ming languages and graphical design notations. As said in the introduction, one of the
advantages of object-orientation is that it provides an integrating perspective on analysis,
design and implementation. Main-stream OO methodologies makes use of graphical
design languages like UML and programming languages like C++, and Java and the use of
different languages give unnecessary complications.

A CASE tool component for supporting state machines and state classes with
incremental code generation and reverse engineering is being constructed. As there is a
direct correspondence between state machines and state classes it is straightforward to
construct such a tool. As for the Mjglner CASE tool where the diagrams and the code are
just two different views of the underlying abstract syntax tree, state machines or state
classes will also "just" be different views of the same underlying abstract syntax tree.
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